Study Objectives: Numerous indexes derived from polysomnography are available to characterize sleep-disordered breathing, with no consensus over which measures best predict clinical outcomes. This study addresses the relative merits of using alternative polysomnography indexes by characterizing the consistency and strength of the association of each index with blood pressure and hypertension. Design: Cross-sectional analyses of the association of alternative polysomnography indexes with blood pressure and hypertension were performed in construction and validation data sets. Linear and logistic regression models were used to identify the best variable sets. Patients: Data were obtained from 6433 men and women (age 62.9 ± 11.0 years, 52.8% women) who participated in the Sleep Heart Health Study. Results: In multivariable models, most indexes showed weak linear associations with systolic, with slightly stronger associations for diastolic blood pressure, and the log odds of hypertension. No single index showed consistent superiority over others. Systolic blood pressure, diastolic blood pressure, and hypertension each were associated with distinct sets of polysomnography variables. Slightly more-consistent associations were demonstrated for indexes that included hypopneas that were linked with either a 3% or 4% desaturation level than indexes that did not require hypopneas to have linked desaturation. For indexes that combined apneas and hypopneas, there was no evidence that linking obstructive apneas to desaturation or arousal altered prediction compared with counting all apneas. Conclusion: In summary, using a rigorous cross-validation assessment, we did not identify a clear superiority of any single index for blood pressure or hypertension prediction. Detailed analyses of alternative definitions of the respiratory disturbance index support current scoring guidelines, where desaturation criteria are recommended for hypopneas but not apneas.
INTRODUCTION
SLEEP DISORDERED BREATHING (SDB) IS A PREVALENT CONDITION CHARACTERIZED BY REPETITIVE RESPI-RATORY DISTURBANCES DURING SLEEP, WITH resultant intermittent hypoxemia and sleep fragmentation. Independent of age, sex, and body mass index (BMI), SDB is associated with an increase in both prevalence and incidence of hypertension. [1] [2] [3] [4] Nocturnal surges in blood pressure, as well as sustained increases in daytime levels, may result from a number of adverse physiologic perturbations occurring secondary to SDB. In particular, the intermittent upper airway obstruction characteristic of SDB may expose individuals to variable combinations of overnight hypoxemia, hypercapnia, acidosis, chemoreflex activation, arousal, and sympathetic nervous system overactivity, [5] [6] [7] [8] each of which may influence vascular tone. Experimental animal and human work have indicated that hypertensive responses may be mediated by either intermittent hypoxemia or by arousal and sleep fragmentation. [9] [10] [11] However, it is unclear which of these exposures contributes most to the development of hypertension and cardiovascular diseases, or whether differential susceptibly to SDB-related comorbidities relates to interindividual differences of these exposures among patient populations with SDB.
Uncertainty over which physiologic exposures, and thus which polysomnographic indexes, are most predictive of comorbidity has contributed to the adoption of discrepant approaches for characterizing SDB in clinical and research settings. Consequently, laboratories vary widely in their use of data on oxygen saturation levels and cortical arousals in identifying and scoring respiratory disturbances and in their overall interpretation of the sleep study. 12 Recent efforts by the American Academy of Sleep Medicine to identify evidence-based data to support specific recommendations regarding scoring and interpreting polysomnograms (PSGs) have been limited by a paucity of literature addressing the relative ability of alternative indexes of SDB to predict outcomes. 13 The Sleep Heart Heath Study (SHHS) is a large communitybased study designed to address the association of SDB with hypertension and cardiovascular disease. Because the PSG data were rigorously scored using standardized procedures and summarized using numerous alternative criteria for event identification, they provide an opportunity to comprehensively assess the extent to which blood pressure and hypertension, 2 important SDB outcomes, are differentially associated with alternative PSG indexes. In this study, we specifically characterized the relative strength of the associations between various PSG indexes with blood pressure and hypertension status. We hypothesized that the respiratory disturbance index (RDI) derived by including only respiratory events that were associated with an oxygen desaturation of 3% or greater, or an arousal, would better predict blood pressure levels and hypertension than would summary indexes derived by including all events, regardless of associated desaturation or arousal. We also hypothesized that the apnea-hypopnea index would more strongly predict blood pressure than would the time spent in desaturation or degree of sleep fragmentation.
METHODS

SHHS Cohort and Protocol
The overall objectives and study design of the SHHS have been reported previously.
14 Briefly, the SHHS is a prospective cohort study designed to investigate the relationship between SDB and cardiovascular disease. Participants were recruited from 8 existing epidemiologic studies if they were age 40 years or older. Exclusionary criteria were a history of treatment for sleep apnea, a tracheotomy, or regular use of home oxygen therapy. Several cohorts oversampled snorers in order to increase the study-wide prevalence of SDB. The Institutional Review Board of each participating clinical site and the coordinating center approved the study protocol, and written informed consent was obtained from each participant.
The baseline SHHS examination included a brief health interview, assessment of current medication use, 15 questionnaire administration, blood pressure and anthropometric measurements, and full unattended PSG. Weight was measured on the night of the PSG in light clothes on a calibrated portable scale. BMI was calculated as weight in kilograms divided by the square of height. Sitting blood pressure was measured in the right arm after a 5-minute rest using a conventional mercury sphygmomanometer. The first and last Korotkoff sounds were used to determine systolic and diastolic blood pressure, respectively. The average of the second and third of 3 consecutive measurements was used as the blood pressure values. Hypertension was defined as having either a systolic blood pressure (SBP) ≥ 140 mm Hg, or a diastolic blood pressure (DBP) ≥ 90 mmHg, or taking antihypertensive medications.
Overnight PSG was performed using the Compumedics Portable PS-2 System (Abottsville, Australia), using methods previously detailed. 16 Data collection included C 3 /A 2 and C 4 /A 1 electroencephalograms, right and left electrooculograms, a bipolar submental electromyogram, thoracic and abdominal excursions (inductive plethysmography bands), nasal-oral thermistry (Protec, Mukilteo, Wash), oximetry (finger pulse oximetry (Nonin Medical Inc, Minneapolis, Minn), electrocardiogram and heart rate (using a single bipolar electrocardiogram lead), body position (using a mercury gauge sensor), and ambient light (on/off, by a light sensor secured to the recording garment). Following equipment retrieval, the data, stored in real time on data memory cards, were downloaded to the computers at each respective clinical site, locally reviewed, and forwarded to a reading center (Case Western Reserve University, Cleveland, OH) for central scoring.
PSG Scoring
Sleep stages and arousals were scored according to published guidelines. 17, 18 The common criterion to define an apnea was a complete or almost complete cessation of airflow (at least <75% of baseline, producing a "flat" or nearly flat signal), as measured by the amplitude of the thermocouple signal, lasting > 10 seconds. The common criterion to define hypopnea was a clear reduction in the amplitude of an index of flow or volume (detected by the thermocouple or thorax or abdominal inductance band signals) to below 30% of the amplitude of "baseline" breathing for > 10 seconds but did not meet the criterion for apnea. Apneas were considered to be "central" if no effort was noted on either the thorax or abdominal channel. No attempt was made to classify hypopneas as obstructive or central in nature. After apneas and hypopneas were identified, software linked each event to data from the oxygen saturation and electroencephalogram channels. Each event was then characterized according to the degree of maximum associated desaturation (0% to 5%), measured from the beginning of the event until up to 40 seconds following the end of the event, and associated arousal (measured from the end of the event to 3 seconds after the event). 19 Upward sleep shifts were identified whenever the individual transitioned from a deeper to lighter state (eg, Stage 2 to Stage 1 or Wake; Stage 3-4 to Stage 2 or 1 or Wake) The reliability of the scoring has been reported in detail; 20 various defined RDIs showed intraclass correlation coefficients (ICCs) of 0.91 to 0.99, kappa statistics for between scorer agreement for sleep staging were > 0.80, and the ICCs for the ARI ranged from 0.54 to 0.72.
PSG Indexes Examined By Domain
We identified the following broad categories of PSG exposure data ("domains"): obstructive apneas (OA), central apneas (CA), obstructive apneas plus hypopneas (OAH), obstructive apneas and central apneas and hypopneas (respiratory disturbances), sleep hypoxemia, and sleep fragmentation. For each domain, more specific indexes were identified. Sleep fragmentation indexes included the ARI and number of shifts from a deeper to lighter stage of sleep per hour. Hypoxemia indexes included percentage of sleep time with a saturation < 90% and average saturation in sleep. To examine the potential implications of applying different requirements for corroborative data for scoring respiratory events (central and obstructive apneas, hypopneas), indexes were derived based on inclusion of events defined by different levels of associated desaturation and/or arousal ( Table 1) .
Statistical Analyses
Linear regression models and analysis of covariance relating each PSG index to blood pressure, adjusting for covariates, were used to examine the strength and consistency of associations between SDB indexes and SBP and DBP. All regression models contained a set of base variables (base model) including age, sex, BMI, race (White, Black, Native American, and other) and cohort effects. Higher-order terms such as age, 2 BMI, 2 and all 2-way interactions were also evaluated for inclusion in the base model for each outcome. For analyses of hypertension as the outcome, logistic regression models were used, adjusting for age, sex, race, BMI, BMI, 2 cohort, and an age-sex interaction. In initial analyses, all PSG indexes were treated as categorical variables (quintiles, unless the distributions did not permit this); however, continuous measures were used in the regression models.
Variable Selection for Model Building
To evaluate the ability of each (or sets) of PSG variables to predict the probability of hypertension, the sample was also split into 2 random halves (stratified by study site and date of study). One half of the observations (n=3217; construction set) were used to develop a prediction model with the set of PSG variables that best predicted the hypertension status. The performance of this model was then evaluated in the other half of the observations (n= 3224; validation set). A similar set of analyses was performed for blood pressure as the outcome. However, those analyses were restricted to individuals not using antihypertensive therapy (60% of the cohort; n=1942 and n=1928 for the construction and validation sets, respectively).
Model Building for SBP and DBP
Because indexes within the same domain were highly correlated, we used a 2-staged approach to select variables for model building. First, within each domain, one index that best correlated with SBP or DBP was selected to represent the effect of that domain. The best index for each domain was defined as the item that showed the strongest evidence for a linear association with blood pressure (largest r 2 ). The goodness of fit of a linear association was evaluated by comparing the residuals from a linear regression versus a LOESS (local regression) model fit using the F test. The strength of a linear association was assessed with (1) the magnitude of the Spearman correlation coefficient, (2) a higher R 2 value, and (3) a better visual trend of blood pressure by categories of PSG indexes (eg, quintiles). If several indexes showed comparable associations, the less-complex index or the one showing the more consistent monotonic dose-response relationship was chosen. The index selected from each domain was then included in a multiple linear regression model, and the best variable set predicting blood pressure was chosen using the Mallows C p method. 21 The model that had a C p value that is closest to but less than the number of parameters (p) was chosen as our prediction model.
Model Building for Hypertension Status
Selection of the best index under each domain was based on the likelihood ratio test of each variable using the logistic regression method and the resulting area under the receiver operating characteristic curves. Indexes selected from the CA, OAH, sleep fragmentation, and hypoxemia domains were then included in 1 logistic regression model to derive a prediction model for hypertension using the stepwise procedure with a P value of 0.1 as entry and stay criteria.
RESULTS
The cohort was aged 62.9 ± 11.0 (39-100) years at baseline and included 52.8% women. The sample was predominantly White (76.6%) and the largest ethnic minority was Native American (9.5%); 51.2% of the cohort met the criteria for hypertension. The distributions of each of the PSG indexes are shown in Table 1 . Overall, 46.0% of the sample had SDB based on a cutoff value of a RDI associated with 4% desaturations of 5 (a common definition in epidemiologic studies).
Systolic Blood Pressure and PSG Indexes
The strength of the linear association between each of the PSG indexes with SBP in multivariable models in the overall sample, excluding individuals on antihypertensive medication, is shown in Table 2 . Only results for PSG indexes showing no lack of fit of a linear association with SBP and with a significant trend analysis at a P value of < .10 are shown. No measure constructed from the OA domain (based strictly on obstructive apneas) or CA domain (based only on central apneas) met these statistical criteria. Correlations for other measures also were small (r values < 0.05). In general, the adjusted differences in SBP for subjects with sleep-disturbance indexes in the top compared with the bottom quintile were approximately 1.5 to 2.0 mm Hg. There were no appreciable differences in the strength of the associations among the various derivations of the OAH index (OAHI) and RDI with SBP. The ARI also showed a weak linear association with SBP (r=0.043, P for trend = .003). Neither the percentage of time in desaturation or average oxygen saturation showed consistent associations with SBP.
Diastolic Blood Pressure and PSG Indexes
Slightly stronger associations were observed between DBP and most PSG indexes (Table 3) . Similar to SBP, there were no consistent associations between any of the OAI or CAI with DBP. However, all of the OAH and respiratory disturbance measures were significantly associated with DBP, with correlation coefficients ranging from 0.040 to 0.064 for the OAHI and RDI. Although evidence for a linear association was relatively weak, within each of the OAH and respiratory disturbance domains, the highest correlations were observed for indexes that included all obstructive events (with no evidence for variability among measures defined using alternative desaturation criteria) and all hypopneas with either a 3% or greater desaturation or an arousal (OAH3PA_ALT, RDI3PA_ALT). The ARI, time spent at a saturation of < 90%, and average oxygen saturation during sleep , age × sex, age × body mass index, age × race, age × cohort **Adjusted mean difference between upper and lower quintiles. †P value for trend based on the association between quintiles of polysomnography indexes and mean systemic blood pressure in the analysis of covariance analysis. † †Excludes subjects using antihypertensive medication; n= 3678 for the obstructive apnea hypopnea and respiratory disturbance domains and n=3693 for sleep fragmentation domain.
also were each significantly associated with DBP, but slightly less so than the OAHI. The adjusted differences in DBP between individuals in the top compared with the bottom quintiles for any measure varied from 1.83 mm Hg (for the RDI associated with a 3% oxygen desaturations [RDI3P]) to 1.10 mmHg (for percentage of sleep time spent with an oxygen saturation less than 90% [PCTLT90]).
Prediction Models for SBP and DBP
To further assess the optimal group of PSG indexes that predict SBP or DBP, we then focused on our construction set of data to develop a multivariable model. Table 4 summarizes the index selected from each domain using criteria described in the Methods section. After considering the indexes in Table 4 , we identified the indexes that produced the best-fit models. The final model for SBP included the central apnea index with a 4% desaturation (CAI4P) and PCTLT90 (Table 5 , left). We applied the prediction models selected using the construction set to calculate the predicted SBP for observations in the validation set. The predicted values for the validation set were significantly higher than the observed, with 50% of the predicted values deviating from the observed values by 10 mm Hg or more. Because of the poor model fit, we then repeated the model building using data from the validation set. In the validation set, CAI associations with a 4% desaturation , age × sex, age × body mass index, age × race, age × cohort **Adjusted mean difference between upper and lower quintiles †P value for trend based on the association between quintiles of polysomnography indexes and mean systolic blood pressure in the analysis of covariance. † †Excludes subjects using antihypertensive medication; n= 3678 for the OAH and RD domains and n=3693 for sleep fragmentation domain; n=3688 for average saturation, and n=3770 for percentage of sleep time < 90% O 2 saturation , age × sex, age × body mass index, age × race, age × cohort. See Table 1 for event definitions.
(CAI4p), all obstructive events and all hypopneas associated with a 4% desaturation or an arousal (OAHI4PA_ALT), and ARI were selected for inclusion in the prediction model (Table 5, right) .
For DBP, the construction set identified OAHI3PA_ALT, CAI4PA and PCTLT90 as the best set of predictors of DBP (Table  5) . Applying the predictions from this model to the validation set showed the predicted and observed values not to be significantly different from 0; about 25% of the predicted values deviated from the observed values by 10 mm Hg or more. Repeating the model building in the validation set, identified an alternative "optimal" model, which included OAHI associated with 3% desaturation (OAHI3P), ARI, and PCTLT90. Table 6 shows the adjusted odds ratios (ORs) predicting hypertension, defined as a categorical outcome, for each SDB index (comparing the fifth quintile or highest category to the lowest category). Data are presented to facilitate comparison across domains for indexes based on use of similar corroborative data for identifying hypopneas and apneas (indicated in the first column). Significant ORs were observed for every measure in each OA, CA, OAH, and respiratory disturbance domain after adjusting for covariates. Within each domain, there were few differences in the ORs for measures using alternative combinations of corroborative desaturation or arousal data, although point estimates tended to be higher for indexes that required hypopneas and central apneas to be linked with 3% or 4% desaturations compared with indexes that included all central apneas or hypopneas. In contrast, for indexes derived exclusively using OA, the highest point estimate was for the index that included all apneas regardless of associated desaturation. Events that required an associated arousal regardless of linked desaturations also tended to have lower ORs than alternative measures. Across domains, ORs tended to be lowest for OAI and fairly comparable for CAI, OAHI, and RDI. For hypertension, the OR for ARI comparing the highest versus lowest quintiles was statistically significant (OR 1.21; CI: 1.01-1.44; P=.034), but, overall, a significant trend across all ARI categories was not observed (P=.063). Individuals with the highest time spent in a saturation < 90% had an OR of 1.42 (CI: 1.19-1.69; P<.0001) for hypertension.
Hypertension Models
To further assess the optimal group of PSG indexes that predicted hypertension, we focused on model building using our construction set of data. Table 7 summarizes the index selected from each domain using criteria described in the Methods section (regardless of level of significance). The models chosen, with their respective ORs and c statistics are shown ( Table 7 ). The final model for hypertension using the construction set included the OAHI associated with a 4% desaturation (OAHI4P) and CAI regardless of associated desaturations (CAI0P). We repeated the same analyses in the validation set to see whether the SDB variables selected into the prediction model were the same as those selected using the construction set. An index from the CA domain remained as an important predictor of hypertension; however, in the validation analyses, the CAI associated with a 3% desaturation (CAI3P) term was positively associated with hypertension, whereas the CAI0P term had a slight negative association with hypertension in the test set. PCTLT90 replaced OAHI4P in the final model in the validation set.
DISCUSSION
While the RDI is commonly used to quantify SDB severity, the PSG measures that best predict risk of chronic morbidities, such as hypertension, have not been characterized. This study attempted to address the relative merits of using alternative PSG measures by identifying potential differences in the consistency and strength of their statistical associations with 2 well-defined SDB correlates: blood pressure and hypertension. Recognizing that any model developed in a single data set may not general- is for CA0P-all central apneas regardless of linked desaturation. Models adjusted for covariates, as described in the methods. †Numbers vary from 5931 to 6092. NA-Not appropriate ("_Alt," referring to indexes that include "all apneas" are already specified under the OA and CA columns, the 0P and 0PA rows). ize to other data sets, we addressed model building by randomly splitting a large research data set into construction and validation samples. We included a set of common covariates to address the relative predictive abilities of each PSG variable beyond that predicted by age, sex, race, and BMI. In these multivariable models, most indexes showed weak linear associations with SBP, with somewhat stronger associations for DBP and hypertension. No single index, however, showed clear and consistent superiority over other measures. Furthermore, SBP, DBP and hypertension each were associated with a somewhat distinct set of PSG variables. PSG yields numerous indexes that describe different aspects of the physiologic perturbations that may occur during sleep. Certain indexes best capture variations in desaturation profiles (eg, average desaturation), others quantify the frequency of breathing disturbances (eg, RDI) and specify their subtype (ie, obstructive or central; eg, OAI), while others focus on quantifying sleep fragmentation (eg, ARI). In both clinical and research settings, the RDI is the metric most commonly used for case identification and for quantifying disease severity. However, there is not consensus whether this metric optimally captures the physiologic disturbances that are most predictive of clinically important outcomes. Furthermore, there remains considerable uncertainty on how each element of the RDI-apneas and hypopneas-should be measured and defined. 22 Despite attempts at standardization, there is tremendous between-laboratory variation in the RDI measurement, with variation in the application of criteria for requiring each "event" to be associated with desaturation and/or arousal, and with some laboratories applying different criteria to apneas compared with hypopneas. Identifying the indexes that are most predictive of clinically important outcomes would help provide guidelines for adopting more-uniform approaches to defining SDB severity (enhancing comparability among laboratories and studies) and suggest pathophysiologic processes most closely associated with specific SDB-related outcomes.
We chose blood pressure and hypertension as clinically relevant outcomes based on growing data that indicate that an increased RDI is associated with increased blood pressure and with hypertension, with ORs relating cross-sectional associations between hypertension and SDB varying from a little more than 1.0 to over 4. 1, 2, 4 Longitudinal data from the Wisconsin Sleep Cohort indicate that baseline SDB (apnea-hypopnea index >15) increases the risk of incident hypertension (over 8 years) >2-fold. 2 Further evidence implicating SDB as playing a causal role in the development of hypertension are the results of several small studies showing improved blood pressure in subjects with SDB after treatment with nasal continuous positive airway pressure. [23] [24] [25] However, other studies have shown less-consistent associations with SDB, as summarized by Stradling and Davies. 26 One source for discrepancies relating hypertension to SDB may relate to the use of different methodologies for quantifying SDB as an adverse cardiovascular "exposure."
The low correlation coefficients we found relating each of the PSG indexes with blood pressure suggested only a weak linear relationship. However, the difference in mean blood pressure between individuals with PSG values in the highest, compared with the lowest, quintiles was as high as 2 mm Hg, a value comparable to that found in a clinical trial of blood pressure response to continuous positive airway pressure, 33 suggesting effects of potential clinical importance. Furthermore, the analyses of hypertension in this study suggested that individuals whose sleep apnea indexes were in the highest compared with the lowest population quartiles had as much as a 50% increased odds of hypertension, an "effect" comparable to that of many other cardiovascular risk factors. The lower effect estimates we found, compared with those of several other studies, 2, 4 may relate to the older age of our sample, leading to an attenuation of effects due to competitive risk factors and survival biases. Overall, PSG correlates also were weaker for SBP than DBP. This observation is consistent with recent extended analyses of the SHHS that have shown stronger associations between the RDI and essential hypertension, compared with isolated systolic hypertension, 27 suggesting that, especially in older individuals, the etiology of isolated SBP may differ from essential hypertension, which rather, may more closely reflect sympathetic hyperreactivity or endothelial dysfunction.
Some previous work suggests stronger relationships between blood pressure and SDB when the RDI is quantified using desaturation criteria 3 as compared with respiratory effort changes only; 28 however, other research suggests that it is the changes in intrathoracic pressure that may be the strongest SDB-associated risk factors for nocturnal blood pressure. However, all of the indexes derived from PSG are moderately to strongly correlated, 19 and differences in the strength of associations in previous studies have generally not been assessed using the cross-validation assessments used in our study, which guards against spurious findings. Using a rigorous cross-validation assessment, we did not identify a clear superiority of any single domain or index in blood pressure or hypertension prediction. However, for all outcomes, our analyses identify slightly stronger associations when hypopneas were linked with at least a 3% desaturation level, without evidence for consistent differences between indexes that used a 3% contrasted to a 4% associated desaturation. Hypopneas solely identified using linked arousals (without requiring a desaturation) were poorly associated with the outcomes, and our analyses do not support the utility of requiring linked arousals as corroborative data for hypopnea identification. For indexes that combined apneas and hypopneas, there was no consistent evidence that linking obstructive apneas to desaturations or arousals improved or worsened prediction compared with counting all obstructive apneas regardless of desaturation or arousal. These data, thus, are consistent with current American Academy of Sleep Medicine guidelines for hypopnea and apnea recognition, in which desaturation criteria are recommended for hypopneas, especially when strict amplitude criteria are not utilized for defining events, but not for apneas. 13 Although hypoxemia has well-known biologic correlates, 10, [29] [30] [31] neither of the 2 measures that only considered oxygen saturation (average desaturation and percentage of time in desaturation) were superior to RDI/OAH indexes (ie, constructed as frequency counts of respiratory events). Rather, there was some evidence that indexes that captured respiratory-event frequency were slightly more strongly associated with blood pressure than the hypoxemia measures. Given the suggestion that intermittent hypoxemia may be a more potent stimulus for oxidative stress than sustained hypoxemia, 32 it is possible that alternative measures that captured intermittent desaturation and resaturation patterns may have better predicted blood pressure than the hypoxemia indexes available to us. Jointly considering indexes capturing event frequency (eg, OAHI3P) and overnight hypoxemia (time spent at an oxygen saturation < 90%), however, slightly increased the prediction of blood pressure, compared with either index alone. This suggests the potential utility of approaches that jointly capture the intermittent nature of airway obstruction and hypoxemic stress for improved prediction of blood pressure. Additionally, as it is considerably easier to collect and measure desaturation compared to the RDI, our results suggest the potential utility of developing simpler diagnostic approaches that quantify overnight intermittent desaturation as an important physiologic exposure.
Sleep laboratories often invest enormous time in scoring and quantifying electroencephalographic arousals, which are thought to provide indexes of sleep quality and may also serve as a surrogate for sympathetic nervous system disturbances. Although the ARI appeared to show the strongest evidence for a linear trend with SBP, associations with the ARI did not cross-validate well across analytic samples and linking arousals to hypopneas did not improve the prediction of frequency count indexes. In our sample, poor prediction may be due to the greater measurement error in quantifying electroencephalographic arousals, which demonstrate poorer scorer reliability than does the RDI. 20 Until methods for enhancing reliability for such events are established, they may not contribute greatly to predicting blood pressure and hypertension.
There is debate over the merits of including central apneas in overall summary indexes of event frequency. Overall, few differences were noted for the RDI (which includes central events) and OAH (which only includes obstructive events) indexes. In contrast, the optimal multivariable models were generally ones that included distinct summary indexes specifically for central (ie, CAI terms) and obstructive (ie, OAH terms) events, as well as also included a distinct measure of desaturation. Despite the poor replication of these models, recognition that the etiology and physiologic consequences of central apneas may differ from those of obstructive apneas, suggests a need to further assess the utility of reporting these indexes separately or jointly. This decision may vary with the population under study, with special relevance of studies with a high prevalence of cardiovascular disease.
The strengths of this study include rigorous data collection and standardized PSG scoring of studies that utilized inductance plethysmography (the sensors recommended for event identification by the American Academy of Sleep Medicine), analysis of a large sample with a wide spectrum of SDB, and rigorous statistical approaches that included development and cross-validation of statistical models. The study also had several limitations. Because all primary hypopnea identification was based on a fixed criterion for amplitude reduction (reduced by at least 30% from baseline), we could not assess the impact of varying amplitude criteria on outcomes. Although many laboratories require a >50% reduction in amplitude, these determinations are often crudely estimated and based on signals that are not quantitatively calibrated. The lack of validated measures of intermittent desaturation (unlinked with respiratory events) prevented us from assessing the role of this metric. The study population was also derived from a community rather than a clinical sample, and the individuals were not studied because of concerns over clinical symptoms. It is plausible that patterns of sleep apnea and blood pressure responses may have differed in a sample comprised of individuals with more comorbidity. We only examined 2 related outcomes, blood pressure and hypertension. It is plausible that other outcomes such as sleepiness or metabolic dysfunction may have varied differently with the PSG indexes examined. Finally, our analysis was guided by the idea of prediction models. Although such models are commonly used to estimate and judge causal relations, we did not construct our models with causal questions in mind. It is impossible to tell, for example, whether similar predictability of various indexes reflects similar causal roles or just high correlation between causes and their surrogates.
In summary, an extensive series of analyses does not provide clear support for any single metric for predicting blood pressure or hypertension. In particular, RDIs that are derived by including hypopneas with either a 3% or 4% desaturation appear to predict hypertension almost equally well. For comparability, professional organizations should recommend which desaturation criteria be used, noting that both may be useful. On the other hand, indexes that solely report frequency of apneas have limited prediction relative to blood pressure. In multivariable models, oxygen desaturation indexes appear to improve the prediction of blood pressure and hypertension over solely counting respiratory events. Assuming that SDB is causally related to hypertension, the relatively weak to modest associations for all of the PSG indexes examined in adjusted analyses of this mostly older cohort further suggest a need to develop indexes that more consistently predict this important outcome. This may require a better understanding of how to reliably measure relevant physiologic stresses.
